Introduction {#S1}
============

The organic cation transporter 3, *OCT3* (*SLC22A3*) is increasingly being recognized as an important modulator of human disease and drug response. Recent genome-wide association studies (GWAS) have linked *OCT3* to risk loci for prostate cancer, colorectal cancer as well as for other diseases.^[@R1]--[@R6]^ In prostate cancer, *OCT3,* which is markedly under-expressed in high-Gleason grade tumors, has been found to be among the lowest expressed genes; in addition, OCT3 expression is associated with progression of prostate cancer.^[@R4],[@R5]^ For example, studies have suggested that *OCT3* may serve as an important biomarker for Gleason grade.^[@R4],[@R5]^ Because it transports many important monoamines including serotonin, histamine and norepinephrine.^[@R7]--[@R10]^ *OCT3* appears to play a pleiotropic role in human physiology and pathophysiology.

Although the expression of its paralogs, *OCT1* (*SLC22A1*) and *OCT2* (*SLC22A2*), is restricted mainly to excretory organs such as the liver and kidney, *OCT3* (*SLC22A3*) exhibits a much broader tissue distribution.^[@R7],[@R8],[@R11]^ Expressed in heart, brain, liver, skeletal muscle, prostate and placenta, *OCT3* plays a role in the disposition of a variety of cationic substances including endogenous amines and therapeutic and illicit drugs.^[@R7],\ [@R11]--[@R13]^ Important SNPs of *OCT3* have been identified and associated with its mRNA level or risk for prostate cancer, colorectal cancer, coronary artery disease and other human disease.^[@R1]--[@R3],[@R6],[@R11],[@R14],[@R15]^ Though several recent studies have investigated the effects of promoter region variants in transporter genes on transcription rates, gene expression and drug response,^[@R16]--[@R19]^ there has been no systematic examination of the genetic variants in the promoter region of *OCT3*.

Epigenetic gene silencing through DNA methylation is one of the important steps in tumorigenesis.^[@R20]--[@R26]^ Of the various epigenetic modifications, hypermethylation of the promoter regions of tumor suppressor genes, which represses transcription, has been most extensively studied.^[@R21],[@R22],[@R27]^ DNA methylation plays a central role in the tissue-specific expression of transporters and regulates the expression of certain transporters in cancer cell lines.^[@R28]--[@R32]^ *OCT3* shows significantly lower expression levels in several types of cancers, especially in high-Gleason grade prostate cancer.^[@R4],[@R5],[@R13]^ However the mechanisms responsible for the reduced expression levels of *OCT3* are not understood. The basal promoter of *OCT3* is located within a large CpG island extending into exon 1 ([Figure S1](#SD1){ref-type="supplementary-material"}); aberrant methylation of this region could reduce the expression of *OCT3*.

In this investigation, we examined polymorphisms in the basal promoter region of *OCT3* using data from direct sequencing of a large DNA sample set (n=272) from four racial/ethnic populations to identify *OCT3* variants. The functional significance of *OCT3* promoter variants in luciferase reporter assays was assessed. Further, several prostate cancer cell lines and primary cancer tissues were screened to determine whether methylation in the *OCT3* promoter region results in the under-expression of OCT3 in prostate cancer. Our results demonstrate that a common variant g.-2G\>A (rs555754) increases the transcription of *OCT3* in luciferase reporter assays and is associated with high expression levels of *OCT3* in primary human liver tissues. In addition, our results show that epigenetic silencing in the *OCT3* promoter region is an important mechanism to suppress the expression of *OCT3* in several prostate cancer cell lines and tissues. These observations strongly suggest that both genetic and epigenetic factors critically mediate the expression level of *OCT3* and may be important in tumorigenesis and drug responses.

Method and Materials {#S2}
====================

Tissue and cell lines {#S3}
---------------------

Primary human prostate healthy and tumor samples were from Caucasian individuals and obtained from the Comprehensive Cancer Institute Tissue Center at the University of California at San Francisco. The Gleason grade of the prostate cancer tissue varies from 4 to 5 examined by histology in the Center. Normal Caucasian liver samples were purchased from Asterand (Detroit, MI) and Capital Biosciences (Rockville, MD). The age of the donors of the liver samples ranges from 36 to 83 years. All the Asian tumor and non-tumor liver samples were collected from liver resections at The University of Hong Kong. The age of the donors of Asian for liver tissues ranges from 38 to 82 years. All samples were obtained with informed consent, and the usage was approved by both the Committee on Human Research at the University of California at San Francisco and the Ethics Committee of the University of Hong Kong. Information concerning the tissue donors is listed in the [supplemental Table 2S](#SD1){ref-type="supplementary-material"}. For determination of OCT3 expression levels, we used 40 samples from Asians and 29 from Caucasians. In methylation studies, 12 liver samples and 16 prostate samples were used. Five and seven cell lines were used for luciferase assay and methylation studies, respectively. All the cell lines were purchased from ATCC and validated by the UCSF Cell Culture Facility.

Genetic analysis {#S4}
----------------

Genomic DNA samples were collected from unrelated healthy individuals from four major ethnic groups (68 each from European Americans, African Americans, Chinese Americans, and Mexican Americans) as a part of the Study Of PHarmacogenetics In Ethnically-diverse populations (SOPHIE). To identify polymorphisms in the promoter region of OCT3, a polymerase chain reaction (PCR) fragment (−706 to +223 bp from the translational start site) was amplified and directly sequenced by an automated genetic analyzer using the primers listed in [supplemental Table 1](#SD1){ref-type="supplementary-material"}.^[@R17]^ OCT3 genetic variants and their frequencies are listed in [Table 1A](#T1){ref-type="table"}. Haplotype assembly was performed using the Haploview 4.1 program (Broad Institute, Cambridge, MA), based on a standard expectation--maximization algorithm, to reconstruct individual haplotypes from population genotype data. The haplotypes and their frequencies are listed in [Table 1B](#T2){ref-type="table"}. Nucleotide location number was assigned from the translational start site (TSS) according to the *OCT3* mRNA sequence (GenBank accession number: NM_021977.2). For genotyping the liver samples from Caucasian and Asian donors, the same primers for cloning the OCT3 with luciferase ([Table S1](#SD1){ref-type="supplementary-material"}) were used to amplify the PCR products. The PCR products were processed with ExoSAP-IT (Affymetrix, Santa Clara, CA) for Clean-Up and then were directly sequenced with the forward primer.

Construction of various reporter plasmids containing *OCT3* promoter region variants {#S5}
------------------------------------------------------------------------------------

To construct the reporter plasmids containing the *OCT3* promoter region, the *OCT3* promoter region were amplified from genomic DNA samples from individuals having each haplotype listed in [Table 1B](#T2){ref-type="table"}. The amplified products were inserted into the pGL4.11 \[luc2\] vectors using the primers containing the restriction endonuclease sites, NheI and HindIII ([Table S1](#SD1){ref-type="supplementary-material"}) (Promega Corporation, Madison, WI) and DNA sequences were confirmed by direct sequencing. Hardy-Weinberg Equilibrium probabilities were calculated at each SNP position of each ethnic population in this resequencing study of the OCT3 promoter region.

Measurement and analysis of *OCT3* promoter activity {#S6}
----------------------------------------------------

Reporter plasmids containing the reference *OCT3* promoter (H1) or its variants were transfected into HCT116 (human colon carcinoma), HepG2 (human liver carcinoma), DU145 and PC3 (Prostate cancer cell lines), A460, A549 and H838 (human lung carcinoma) cell lines using Lipofectamine 2000 reagents (Invitrogen) according to the manufacturer's protocol. The relative luciferase activity was measured as described in previous studies.^[@R16],[@R17]^ Using TFSEARCH: Searching Transcription Factor Binding Sites (ver 1.3) (Computational Biology Research Center, AIST, Japan),^[@R33]^ the possible TFs in this region were predicted using a threshold score \> 75. The 4 TFs with high scores with single or multiple binding sites in the region were specific protein 1 (Sp1), myeloid zinc finger-1 (MZF1), activating enhancer binding protein 4 (Ap-4) and E1A binding protein (p300) ([Figure S2](#SD1){ref-type="supplementary-material"}). To examine the effect of Sp1, MZF1, Ap-4 and p300 (Origene, Rockville, MD) on the promoter activity of *OCT3*, reference (H1) reporter plasmids were co-transfected with increasing amounts of transfection-ready plasmid containing the above TFs (50, 100, 200 and 400 ng). After 24 hours, the same measurement as above was used to detect the luciferase activity. The detection of various TFs with Western blotting is described in a previous study^[@R7]^ and the specific antibodies against the TFs were from Santa Cruz Biotechnology (Santa Cruz, CA).

Electrophoretic mobility shift assay (EMSA) of *OCT3* {#S7}
-----------------------------------------------------

Nuclear protein extracts were prepared from HepG2 cells using the Thermo Scientific NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific Inc, Rockford, IL). Briefly, the cells were pelleted from the experimental conditions by centrifugation at 1,000 × g for 5 min, 4°C. Following the manufacture's protocol, the nuclear protein was extracted by removing the cytoplasmic protein and freshly prepared for the next step of the EMSA assay.

The digoxigenin (DIG) gel shift kit for 3′-end labeling of oligonucleotides (Roche Applied Science, Indianapolis, IN) was used for protein-DNA binding assays. The oligomers ([Table S1](#SD1){ref-type="supplementary-material"}) used contained the studied region with or without variants in the *OCT3* promoter region. The oligomers were annealed, labeled, and used in the gel shift reactions according to the manufacturer's instructions (Roche). For super-shift experiments, 1 μg of antibodies against Sp1, MZF1, Ap4 and p300 was added to the reaction mixture, respectively. Reactions were analyzed by electrophoresis through Novex 6% DNA retardation gels (Invitrogen). After electrotransfer to a positively charged nylon membrane (Roche), bands were detected non-isotopically with a Dig Gel Shift kit, 2nd Generation.^[@R28]^

Quantification of *OCT3* gene expression using quantitative real-time reverse transcription PCR {#S8}
-----------------------------------------------------------------------------------------------

Using the Allprep DNA-RNA isolation kit (Qiagen), total RNA was isolated from liver samples. Single-strand cDNAs were synthesized using a Superscript III first-strand synthesis system for RT-PCR (Invitrogen). Quantitative real-time reverse transcription (qRT-PCR) was performed using a 7500 Fast RT-PCR system (Applied Biosystems, Foster City, CA) with Taqman gene expression assays as described in the previous study.^[@R7]^ To compare the expression in the normal tissue samples or cancerous tissue sample or cell lines, the lowest expressed sample was assigned a value of 1.0 in each group. The relative expression level of the samples was normalized to the expression of hGAPDH ([Supplemental Figure S3](#SD1){ref-type="supplementary-material"} for representative cell lines and tissues).

Methylation and Demethylation Studies {#S9}
-------------------------------------

For the *in vitro* methylation study, reporter construct (H1) containing the *OCT3* promoter was methylated *in vitro* with 5 U of SssI methylase (New England Biolabs, Beverly, MA) for each microgram of DNA in the presence of 160 μM *S*-adenosylmethionine at 37°C for 3 h following the manufacturer's protocol.^[@R28]^ The methylated reporter constructs were then used for the luciferase assays.

For the demethylation study with 5-aza-2′-deoxycytidine (5′-azadC) (DNA methylation inhibitor) (Sigma, St. Louis, MO), HCT116 cells were precultured to 50% confluence and then cultured for 72 h in medium containing 0, 1, 10, or 100 μM 5′azadC.^[@R28]^ Total RNA was prepared from cells by total RNA kit (Qiagen). The RNA was then reverse-transcribed using a first-strand DNA synthesis kit (Invitrogen). PCR was performed with the forward and reverse primers listed in [Table S1](#SD1){ref-type="supplementary-material"}. The specific RT-PCR for *OCT3* primers is listed in the [Table S1](#SD1){ref-type="supplementary-material"} to detect the fragment cDNA.

Bisulfite sequencing analysis {#S10}
-----------------------------

DNA was treated with sodium bisulfite as described with modifications.^[@R34]^ DNA (2 μg) was first digested with *Eco*RV, phenol/chloroform extracted, ethanol precipitated, and resuspended in water. DNA was treated with bisulfite at 55°C for 4 hours. After purification, DNA was dissolved in 50 μL, and 1 μL was used for PCR. Touchdown PCR was done for a total of 35 cycles starting at initial annealing temperature of 68°C and decreasing by 2°C every two cycles to a final annealing temperature of 58°C for the final 25 cycles. The product was cloned into the TOPO TA cloning/pCR2.1 vector (Invitrogen). Individual bacterial colonies were subject to PCR and the products were sequenced. The primers used for the human *OCT3* CpG island are listed in the [Table S1](#SD1){ref-type="supplementary-material"}.

Linkage disequilibrium analysis of promoter variant rs555754 {#S11}
------------------------------------------------------------

Many studies have described significant associations of genetic variants in *SLC22A3* with *SLC22A3* mRNA expression levels and with human diseases ([supplemental Table S2](#SD1){ref-type="supplementary-material"}). Pairwise linkage disequilibrium of rs555754 with the single nucleotide polymorphisms (SNPs) listed in [Tables S2](#SD1){ref-type="supplementary-material"} and 2 was determined using the available information from SNAP (SNP Annotation and Proxy Search Version 2.2, Broad Institute, <http://www.broadinstitute.org/mpg/snap/ldsearch.php>). This linkage disequilibrium was determined using the population panel CEU (Caucasians from Utah, USA) and CHB+JPT (Chinese from Beijing plus Japanese from Tokyo) from the 1000 Genomes Pilot 1 SNP data set (low-coverage sequencing pilot). The genotype information of rs555754 is not available in the YRI (Yoruba in Ibadan, Nigeria) population panel and thus linkage disequilibrium could not be determined for the YRI population.

Statistical analysis {#S12}
--------------------

The results of the luciferase assays are presented as the mean ± SD from two to three independent experiments. Functional differences between reference and variant haplotypes were evaluated using one-way analysis of variance followed by Dunnett's multiple comparison test. A p \< 0.05 was considered significant. A D'Agostino and Pearson's omnibus normality test (GraphPad Prism 5, GraphPad Software, La Jolla, California, USA) was used to determine whether the expression levels of OCT3 in liver samples were normally distributed. One-way analysis of variance or unpaired t-test was used to compare the OCT3 mRNA levels among the three or two genotype groups, respectively using GraphPad Prism version 5.00 (GraphPad Software, San Diego). A p \< 0.05 was considered significant.

Results {#S13}
=======

Genetic polymorphism and haplotype analysis of the *OCT3* basal promoter region {#S14}
-------------------------------------------------------------------------------

A total of five polymorphisms in the *OCT3* basal promoter and 5′-untranslated region (UTR) were identified in samples from 272 unrelated individuals from four major ethnic groups ([Table 1A](#T1){ref-type="table"}). The five polymorphisms are: g.+2T\>insGCGGGCG (N/A); g.-2G\>A(rs555754); g.-81G\>delGA (rs60515630); g.-124 C\>G (rs59711975) and g.-146 C\>G (rs58601841) (the numbers are the nucleotide position relative to the transcription start site (TSS)). The allele frequencies of each polymorphism in each ethnic group are presented in [Table 1A](#T1){ref-type="table"}. The common SNP, g.-2G\>A, was found in all four ethnic groups with high frequency. Seven unambiguous basal promoter haplotypes were identified ([Table 1B](#T2){ref-type="table"}). In the African American samples, the two common promoter variants, rs60515630 and rs555754, showed linkage disequilibrium with r^2^ = 0.11 and D′ = 1.0. Among the five promoter variants discovered in the PMT cohort, the linkage disequilibrium between each was very weak (r^2^ = 0 to 0.1) in each of the four ethnic groups. All the identified SNPs in the OCT3 promoter region in each of the four ethnic groups were in Hardy-Weinberg Equilibrium (P \> 0.05).

Functional analysis of human *OCT3* promoter region variants {#S15}
------------------------------------------------------------

To identify the minimal region of the *OCT3* proximal promoter required for its promoter activity, we tested three constructs: −384/+25, −1000/+25 and −2000/+25. The luciferase activity of the shortest fragment (−384/+25) was highest among the three fragments and was selected for subsequent studies ([Figure 1A](#F1){ref-type="fig"}). The longer constructs may contain some negative elements that caused the lower luciferase activity. The highest luciferase activity of the optimal construct (−384/+25) was observed in HCT116 (about 12-fold of the empty vector pGL4.11 (EV)) followed by HepG2 (about 8-fold of EV) ([Figure 1B](#F1){ref-type="fig"}), which were selected for further studies. Two prostate cancer cell lines and three lung cancer cell lines showed modest or low luciferase activity ([Figure 1B](#F1){ref-type="fig"}). In both HepG2 and HCT116, two haplotypes, H3 (g.-81delGA/delGA combined with g.-2A/A) and H5 (g.-146 G/G combined with g.-2A/A), showed markedly enhanced luciferase activities (150 to 200%). Haplotypes H6 (g.-2A/A), H4 (g.-124G/G combined with g.-2A/A) and H2 (g.-146G/G combined with g.-2G/G) showed intermediate increases (125 to 150%) in the luciferase activity compared to haplotype H1(*\*\*P\<0.01*) ([Figure 1C](#F1){ref-type="fig"}). Not like other genetic variants in this region, H7 (g.+2T\>insGCGGGCG) showed a significant reduction in luciferase activity (*\*\*P\<0.01*) ([Figure 1C](#F1){ref-type="fig"}). Generally, haplotypes containing the common variant g.-2A/A (H2, H3, H4, H5 and H6) had increased luciferase activity.

Identification of TFs in the *OCT3* basal promoter region and effect of genetic variants on transcription factor binding {#S16}
------------------------------------------------------------------------------------------------------------------------

Consistent with its broad expression pattern, the *OCT3* promoter region exhibited a wide spectrum of predicted TFs ([Figure S2](#SD1){ref-type="supplementary-material"}). Several SNPs fell into predicted TF binding regions including g.-146C\>G, which was within a potential binding region of MZF1, and g.-81G\>delGA, which was in the predicted p300 binding region ([Figure S2](#SD1){ref-type="supplementary-material"}). The common polymorphism, g.-2G\>A, was predicted to interact with Sp1. We co-transfected predicted TFs with the *OCT3* promoter-driven luciferase constructs ([Figure 2A](#F2){ref-type="fig"}). As a control, the EV showed no significant increase in luciferase assay when co-transfected with four TFs (Sp1, MZF1, p300 and Ap4) (data not shown). Among the TFs tested, MZF1 (200 ng) strongly stimulated *OCT3* promoter-driven luciferase activity, which resulted in a 3.2-fold increase in luciferase activity (\*P\<0.05). Higher doses of TFs did not produce higher transcriptional activities, which may reflect lower transfection efficiencies or saturation in the binding of the TFs to their regulatory regions. Sp1 showed modest transcriptional activity and increased luciferase activity from 1.2-fold to 2.4-fold with dosing from 50 to 200 ng (*\*P\<0.05*). Both p300 and Ap4 had weak transcriptional activity. The expression levels of 4 TFs were also tested before and after co-transfection. MZF1 exhibited the highest expression level among the 4 TFs in HCT116. After co-transfection of the *OCT3* promoter with the TF expression vectors, the 4 TFs reached similar expression levels, suggesting that MZF1 had the higher transcriptional activity in the OCT3 promoter. All four TFs were expressed in HepG2, and HCT116 showed highest expression of MZF1, consistent with its higher luciferase assay in comparison to the other cell lines ([Figure 2C](#F2){ref-type="fig"}).

Using the nuclear protein extract from HepG2, which expressed all 4 major predicted TFs, three common genetic variants (g.-2G\>A, g.-81G\>delGA and g.-146C\>G) were assayed for their binding affinity to the transcription factors. The oligo-nucleotide containing g.-146G/G showed more nuclear protein binding in band 1 than the oligo-nucleotide with g.-146C/C ([Figure 3A](#F3){ref-type="fig"}). For g.-81G\>delGA, the deletion of GA greatly increased the density of band 1 suggesting that there was stronger interactions with the enhancer element ([Figure 3A](#F3){ref-type="fig"}). The density of band 1 was slightly increased by variant g.-2G\>A ([Figure 3A](#F3){ref-type="fig"}). Bands 1 and 2 were inhibited after adding unlabeled probes in the EMSA assays ([Figure 3B](#F3){ref-type="fig"}). The stronger interactions of these 3 variants, as reflected by increased density of band 1, are consistent with the higher luciferase activities of these variants ([Figure 1C](#F1){ref-type="fig"}).

To further define the TFs that bind to the *OCT3* promoter region, specific antibodies against the four predicted TFs were applied to EMSA. The specific antibodies resulted in the super-shift of band 1 to a higher position (band 4) after forming a DNA-TF-antibody complex ([Figure 3B](#F3){ref-type="fig"}). These results confirmed that MZF1, Sp1, Ap4 and p300 were TFs that interact with the promoter region of *OCT3* with different transcriptional activity. The primers used for the g.-2G\>A covered a predicted SP1 site but only partially covered a predicted p300 site. The supershift results showed SP1 was well-shifted and p300 was only shifted partly, likely resulting from the poor binding of the primer to p300. The lower luciferase activity of g.2T\>insGCGGGCG in 5′-UTR may be due to the interruption of the secondary structure of mRNA ([Figure 3C](#F3){ref-type="fig"}) which results in a higher minimum free energy (MFE) −18.8 kcal/mol than the g.2T with −34.6 kcal/mol predicted by the RNAfold web server (<http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi>).

Association of promoter region variants of *OCT3* g.-G\>A (rs555275) with expression levels in liver {#S17}
----------------------------------------------------------------------------------------------------

In 29 Caucasian and 40 Asian (Chinese) normal liver samples, the *OCT3* mRNA level was significantly higher in Caucasian than Asian samples ([Figure 4A](#F4){ref-type="fig"}), suggesting that there may be different transcription rates of *OCT3* in Asian versus Caucasian liver. The relative expression level of representative liver samples from Caucasian and Asian are listed in [supplemental Figure S4](#SD1){ref-type="supplementary-material"}. Consistent with the higher luciferase activities of H6 (which contains g.-2A/A), the mRNA levels of *OCT3* in liver samples from Chinese with g.-2A/A were significantly higher than liver samples from Chinese with either g.-2G/A or g.-2G/G (n = 40; [Figure 4B](#F4){ref-type="fig"}). Similar results were obtained in 29 liver samples from individuals with European ancestries ([Figure 4C](#F4){ref-type="fig"}). The distribution of the *Oct3* gene expression levels in the liver samples, based on D'Agostino and Pearson omnibus normality test, was not significantly different from normal (*P* \> 0.05). The mean expression values were 13.0 ± 1.7 for Caucasian and 8.1 ± 0.74 for Asian. Post- translational modification often affects the protein expression level-the final product of the mRNA. To validate whether the *OCT3* mRNA levels detected in the liver samples correlated with OCT3 proteins levels, Western blotting was used in four representative liver samples that varied from the lowest (set as 1.0), to modest (6.5 and 12.8) to highest (17.2) mRNA levels. Consistent with the mRNA level, OCT3 protein level showed a similar trend with their mRNA levels ([Figure 4D](#F4){ref-type="fig"}).

Promoter methylation and *OCT3* expression in cell lines and primary tumor tissues {#S18}
----------------------------------------------------------------------------------

The analysis of the *OCT3* basal promoter region showed that it has a very high CG rate, with more than 85% of the CG bases. It contains 66 CpG sites in the examined region ([Figure S1](#SD1){ref-type="supplementary-material"}) and a predicted CpG island in the promoter region extending to exon 1 ([Figure 5A](#F5){ref-type="fig"}). These features suggest that methylation can be a major factor influencing its transcription. To test this hypothesis, we firstly performed bisulfite sequencing analysis encompassing the transcription site in 4 prostate cancer cell lines with differential tumorigencity and metastatic capability (LNCaP, DU145, C4-2B and PC3),^[@R35],[@R36]^ plus the colon cancer cell line (HCT116). As shown in [Figure 5B](#F5){ref-type="fig"}, the methylation level varied from low methylation in LNCaP, moderate methylation in DU 145 and C4-2B to heavy methylation in PC3 and HCT116. The methylation mainly occurred at the 5′-end. Following qRT-PCR, we observed that cell lines with less methylation had higher levels of *OCT3* mRNA transcripts and low metastatic capability generally ([Figure 5B](#F5){ref-type="fig"}). Methylated constructs *in vitro*, using Sss I CpG methylase, had dramatic reductions in luciferase activities from 12-fold to 2-fold of EV in HCT116 cells ([Figure 5C](#F5){ref-type="fig"}). In *OCT3*-negative HCT116, *OCT3* mRNA levels clearly reactivated with increasing treatment doses of 5′-azadC, a demethylation agent ([Figure 5D](#F5){ref-type="fig"}). Collectively, the data demonstrate that methylation of the promoter region plays an important role in expression of *OCT3*.

To determine whether methylation may explain the reduced expression level of *OCT3* in prostate cancer tissues,^[@R4]^ we examined the methylation in 8 paired samples of normal and cancerous prostate with high Gleason Grade. In prostate cancer samples that had the high Gleason grade from 4 to 5, *OCT3* showed a significantly lower expression than paired normal tissue ([Figure 6A and B](#F6){ref-type="fig"}), consistent with previous observations.^[@R4]^ In the paired normal tissues, the basal promoter had a low level of methylation ranging from 0.13% to1.81% ([Figure 6C](#F6){ref-type="fig"}). In contrast, 5 of 8 prostate cancer samples (TP) showed aberrant high methylation levels as TP2 (32.5%), TP3 (18.9%), TP4 (22.4%), TP6 (15.6%) and TP8 (12.7%). The cancerous samples showed much higher methylation levels, primarily at the 5′-end of the promoter ([Figure 6C](#F6){ref-type="fig"}). These data demonstrate that methylation of the *OCT3* promoter region may explain the low expression levels of OCT3 in prostate cancer with high Gleason grades, which might be associated with progression of prostate cancer. In contrast to prostate cancer tissue samples, the liver tumor tissue samples showed similar methylation rates to the paired non-tumor tissues in the *OCT3* promoter region ([Supplemental Figure S5](#SD1){ref-type="supplementary-material"}).

Discussion {#S19}
==========

Increasingly evidences have recognized OCT3 as the important anti-diabetes and cancer drugs transporter.^[@R7],[@R11],[@R13]^ GWAS studies have suggested that SNPs in *OCT3* are important risk factors for prostate cancer and that expression of the gene is dramatically reduced in prostate cancer and particularly in high-Gleason grade ones.^[@R3]--[@R5]^ These studies have led to speculation that OCT3 may serve as a tumor suppressor gene in prostate cancer. Thus, understanding the mechanisms by which OCT3 expression is regulated is important in elucidating the occurrence and pathogenesis of prostate cancer. In this investigation, we describe both novel genetic and epigenetic factors in the basal promoter of OCT3 that regulate its expression levels in healthy and cancerous tissues. These factors may significantly influence its role in drug uptake efficacy and tumorigenises.

One of the key findings of the study was that a common promoter region variant, g.-2G\>A (rs555754), found in all ethnic groups at high allele frequencies \>32%, enhanced transcription rates in reporter assays and was associated with higher expression levels of *OCT3* in liver samples obtained from individuals with ancestries in Asia and Europe. In a previous study, SNPs associating with low *OCT3* expression levels in the liver were found;^[@R11]^ however, the causative SNP was not identified. In a large sample of human livers, Schadt et al. showed that an intronic SNP (rs518295), which is 6155 bp downstream of rs555754 had a significantly positive association with OCT3 mRNA levels.^[@R37]^ The rs518295 is in linkage disequilibrium with rs555754 (r^2^=0.7).

The significant and consistent under-expression of *OCT3* in prostate cancer makes it a candidate tumor suppressor gene.^[@R4],[@R5],[@R15]^ The current investigation suggests that the underlying mechanism for reduced expression of the transporter in prostate cancer involves aberrant methylation of the promoter region of *OCT3*. As methylation may occur early in prostate cancer and can be detected in body fluids, it may be of potential use in early detection of tumors and for determining prognosis.^[@R21],[@R22],[@R38]^ Further, the level of methylation of the *OCT3* promoter may be applied to tumor samples from prostate cancer patients to determine aggressiveness which might serve as biomarkers for the Gleason scores of prostate cancer. As shown in [Figure 5](#F5){ref-type="fig"}, low expression of *OCT3* can be reversed by adding demethylating reagents. If *OCT3* is truly a tumor suppressor in prostate cancer or plays a biologic role in tumor progression, potentially, demethylating drugs such as 5′-azacytidine and decitabine could be used to treat patients with metastatic prostate cancer, combined with other anti-prostate cancer drugs to enhance their length of survival. Although hypermethylation of the promoter region of *OCT3* accounts for the low expression level of *OCT3* in prostate cancer and cell lines, it is not the only event that suppresses the expression of *OCT3* as some of the prostate tumor samples did not show the high methylation level. Other elements in the pre- or post-transcriptional process could also affect the *OCT3* expression like mRNA stability involving microRNA and its long 3′-UTR. Three genetic variants (g.-146C\>G, g.-124C\>G and g.-81G\>delGA) are located in the potential methylation sites (CpG) ([Figure S1](#SD1){ref-type="supplementary-material"}). Though speculative these variants, e.g., g.-81G\>delGA, could be associated with changes in the methylation status in and around these positions and potentially influence the expression of *OCT3*, leading to increased risk for prostate cancer. Similar to prostate tissue samples, large variation in the expression level of OCT3 in human liver samples was observed. However, in contrast to prostate tumors, the degree of promoter methylation in the paired liver tumor samples was not appreciably higher than in the normal tissues ([Figure S5](#SD1){ref-type="supplementary-material"}). It is likely that the methylation of the *OCT3* promoter occurs in a tissue=specific manner with a high degree of methylation in prostate cancer. The promoters of several other transporters also show tissue-specific methylation pattern.^[@R28]--[@R32]^ The variation of *OCT3* expression in liver tissue may be due to other regulatory elements of gene expression, for example, in the extra-long 3′UTR of the gene.

In summary, the present investigation demonstrates that the common variant, g.-2G\>A (rs555754), is associated with a greater transcription rate and higher expression levels of *OCT3* in the liver. Hypermethylation of the *OCT3* promoter region in prostate cancer is revealed as one of the important mechanisms for its reduced expression. These findings add to the growing body of work on the pharmacogenetic and biological role of *OCT3*.
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![Luciferase activities in cell lines expressing reporter constructs containing the basal promoter of *OCT3*\
The reporter activity of each construct was compared with that of empty vector (pGL4.11). Data shown represent mean ± SD from triplicate wells in a representative experiment. A, Effect of promoter segment on luciferase activity. Three segments from the promoter region were cloned into the pGL4.11 vector. The basal promoter region (−384 to +25) showed higher luciferase activity than the longer counterparters (−1000 to +24 and −2000 to +25). The reason to include a small fragment of coding region (0 -- 25) is to facilitate the cloning because of the high GC percentage in the promoter region. The starting codon in the (−384 to +25) was mutated to AAG to avoid interruption of luciferase expression. B. The luciferase activity of basal promoter reporter construct in different cell lines. The HCT116 and HepG2 had higher luciferase activities than the rest of the cell lines. C. The luciferase activity of 7 Haplotypes (H1--H7) from [Table 1B](#T2){ref-type="table"}. The g.-2A is contained in H3, H5 and H6. H1, H2, H4 and H7 have the g.-2G at the −2 position. *\*\*P\<0.01* compared with H1.](nihms341052f1){#F1}

![Effects of four predicted transcriptional factors on the promoter activity of *OCT3*\
A. Dose Effects of transcription factors on luciferase activity. Various doses of four predicted transcription factors (Sp1, MZF1, Ap4 and p300) were co-transfected with the reference construct (H1, reference). Data shown represent mean ± SD from triplicate wells in a representative experiment. \**P* \< 0.05 vs. H1 activity without co-transfection of transcription factor accordingly. B, Expression levels of 4 TFs before co-transfection and after cotransfection. All the expression values were normalized to the lowest expression Sp1 which was set as 1.0. C. Western blots of five cell lines used in the luciferase assay to detect the expression of the four major transcription factors. Four antibodies against the above transcription factors were used to detect the expression of Sp1, MZF1, Ap-4 and p300. MZF1 showed strongest expression in HCT116. Sp1 was only detected in the HepG2 cells.](nihms341052f2){#F2}

###### Electrophoretic mobility shift analysis of *OCT3* reference and variant oligonucleotides and prediction of secondary structure of mRNA

A, Three paired oligonucleotide probes corresponding to the references and genetic variants (g.-146C and g.-146C\>G, g.-81G and g.-81G\>delGA, g.-2G and g.-G\>A) were used to compared the nuclear protein binding affinity between the references and variants. Digoxigenin-labeled probes ([Table S1](#SD1){ref-type="supplementary-material"}) were incubated with nuclear extracts from HepG2 in the presence or absence of a 25-fold excess of unlabeled competitor as indicated. Band 1 is the nuclear protein -- DNA complex. Band 2 and 3 are non-specific band and free probe, respectively. B, Supershift analysis with transcription factor specific antibodies. Supershifts were detected for all four transcription factors. The probe was incubated with nuclear extracts from HepG2 cells in the presence or absence of a specific antibody against Sp1, MZF1, Ap-4 and p300 as indicated. Band 1, 2 and 3 are the same annotation as 3C. Band 4 represents the antibody-nuclear protein-DNA complex as super-shift band. C, Prediction of secondary structure of mRNA (1 to 300) of *OCT3* without g.+2T (left panel) or with insertion g.+2T\>insGCGGGCG (right panel). MFE is listed below the structure.
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![The effect of genotype, g. --2G\>A (rs555754) on *OCT3* expression levels in human liver samples from Asian and Caucasian subjects\
Expression of *OCT3* in the human liver tissues was determined by a quantitative real-time RT-PCR and Western blotting. The horizontal bar for each genotype represents the mean value. The *P* value is calculated using Student's *t* test. A, Caucasian liver samples (29) had significantly higher *OCT3* mRNA level (P=0.005) than that of Asian (40). The lowest expression sample from one of the Asian sample is set as 1 and the rest of the samples were normalized to it. The mean values are 13.0 ± 1.7 for Caucasian and 8.1 ± 0.74 for Asian. B, The effect of genotype, g. --2G\>A on *OCT3* expression levels in human liver tissues from Asian (Chinese). The individuals with homozygous g.-2A/A had a significant higher *OCT3* mRNA level than those with g.-2G/G and g.-2G/A. C. The effect of genotype, g. --2G\>A on *OCT3* expression levels in human liver tissues from Caucasian which showed the similar trend as those of Asian. D, Validation of the protein expression level of OCT3 with western blotting from 4 Asian liver samples with the lowest one (set as 1.0), two modest ones (6.5 and 12.8) and highest (17.2).](nihms341052f4){#F4}

![Effect of methylation of the *OCT3* promoter on its expression in cancer cell lines\
A, Diagram of the 5′ end of the partial *OCT3* gene. The rectangles represent the exon 1 of the gene, the CpG islands and the region for bisulfite sequencing assay, respectively. B, The methylation status of the *OCT3* promoter in cancer cell lines. Methylation of the *OCT3* CpG islands in LNCaP, DU145, C4-2B, PC3 and HCT116 cell lines. Left, each square represents a CpG site from the 1^st^ to 66^th^; blue, unmethylated; red, methylated; white, data not available. Right, the overall methylation level and the relative *OCT3* gene expression of these cell lines. C, Effect of methylase on the luciferase activity of the *OCT3* reference promoter (H1) construct in HCT116 and HepG2. As shown, the *OCT3* basal promoter exhibits dramatically reduced reporter activity in the presence of CpG mehtylase SssI. D. Demethylation reagent 5′-azadC activated the expression of *OCT3* in HCT116 which was highly methylated shown in B. 5′-azadC increased the expression of *OCT3* with a dose-dependent manner.](nihms341052f5){#F5}

![Analysis of expression and methylation in paired normal and cancerous prostate samples\
A and B, Expression levels of mRNA transcripts of *OCT3* in 8 matched tumor-normal tissue samples from prostate cancer patients. The lowest expression level sample is set as 1.0 and the rest of the samples were normalized to it. The expression of *OCT3* in normal prostate tissue was significantly higher than those in cancerous ones. C. Aberrant methylation of *OCT3* promoter in primary prostate cancer samples. The methylation % of each CpG site is plotted for eight prostate cancer samples (upper panel) and eight normal prostate samples (lower panel). Y-axis is the methylation %; X-axis is the individual CpG sites (1--66). The methylation status of the CpG island was analyzed by sequencing subclones of PCR products from bisulfite-treated DNA. Each samples had at least 10 clones. For each CpG site, the methylation percentage was calculated by dividing the number of methylated clones by the total number of clones sequenced. 5 aberrant methylation tumor samples were labeled with \*. NP, normal prostate tissue; TP, prostate cancer tissue. Each square represented a CpG site, blue, unmethylated; red, methylated; white, data not available.](nihms341052f6){#F6}

###### 

Allele frequencies *OCT3* variants in the proximal promoter and 5′-UTR. Data were obtained from DNA samples from 272 unrelated individuals including 68 from each of four major ethnic groups. Position of the variant is based upon the translational start site.

  dbSNP ID     Genomic Position (hg18)   Transcription position   Nucleotide change   Allele Frequency                     
  ------------ ------------------------- ------------------------ ------------------- ------------------ --------- ------- -------
  rs58601841   160689269                 −146                     C\>G                0.028              0.000     0.009   0.000
  rs59711975   160689291                 −124                     C\>G                0.019              0.000     0.000   0.000
  rs60515630   160689334                 −81                      G\>delGA            0.115              0.007     0.000   0.015
  rs555754     160689413                 −2                       G\>A                0.554              0.50000   0.323   0.385
  N/A          160689416                 2                        T →insGCGGGCG       0.000              0.000     0.077   0.000

AA: African American; EA: European American; AS: Asian American; ME: Mexican; n: number of chromosomes.

###### 

Frequencies of the common haplotypes in the *OCT3* promoter region. Data were obtained from DNA samples from 272 unrelated individuals including 68 from each of four major ethnic groups. Position of the variant is based upon TSS. Each variant was underlined and bolded in the haplotypes and its transcriptional position was indicated above them.

  ID   g\. -146       g\. -124       g\. -81            g\. −2         g.+2                    \% Haplotypes                 
  ---- -------------- -------------- ------------------ -------------- ----------------------- --------------- ------ ------ ------
  H1   C              C              G                  G              T                       44.6            50     59.2   61.5
  H2   **[G]{.ul}**   C              G                  G              T                       0               0      0.8    0
  H3   **[G]{.ul}**   C              G                  **[A]{.ul}**   T                       2.3             0      0      0
  H4   C              **[G]{.ul}**   G                  G              T                       1.5             0      0      0
  H5   C              G              **[delGA]{.ul}**   **[A]{.ul}**   T                       11.5            0.7    0      1.5
  H6   C              C              G                  **[A]{.ul}**   T                       40              49.3   32.3   36.9
  H7   C              C              G                  G              **[insGCGGGCG]{.ul}**   0               0      7.7    0

AA: African American; EA: European Ameican; AS: Asian American; ME: Mexican.
